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Available online 21 April 2008We demonstrate that the AL2 gene of Cabbage leaf curl virus (CaLCuV) activates the CP promoter in mesophyll
and acts to derepress the promoter in vascular tissue, similar to that observed for Tomato golden mosaic virus
(TGMV). Binding studies indicate that sequences mediating repression and activation of the TGMV and
CaLCuV CP promoter speciﬁcally bind different nuclear factors common to Nicotiana benthamiana, spinach
and tomato. However, chromatin immunoprecipitation demonstrates that TGMV AL2 can interact with both
sequences independently. Binding of nuclear protein(s) from different crop species to viral sequences
conserved in both bipartite and monopartite begomoviruses, including TGMV, CaLCuV, Pepper golden mosaic
virus and Tomato yellow leaf curl virus suggests that bipartite begomoviruses bind common host factors to
regulate the CP promoter. This is consistent with a model in which AL2 interacts with different components of
the cellular transcription machinery that bind viral sequences important for repression and activation of
begomovirus CP promoters.
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Plant DNA viruses of the family Geminiviridae are emergent plant
pathogens characterized by a small, circular single-stranded DNA
(ssDNA) genome. Viral replication occurs in nuclei of infected plant
cells (Preiss and Jeske, 2003; Stenger et al., 1991) primarily by rolling
circle replication through double-stranded (ds) DNA intermediates.
The resulting dsDNA replicative forms are used as template for
transcription and subsequent rounds of replication. Geminiviruses
encode few proteins and rely extensively on the host replication and
transcription machinery (Bisaro, 1996; Hanley-Bowdoin et al., 2000).
Therefore, this group of viruses provides a valuable model system for
the study of transcription and replication in plants.
The genome of begomoviruses, including Tomato goldenmosaic virus
(TGMV) and Cabbage leaf curl virus (CaLCuV), consists of two DNA chro-
mosomes (A and B) with divergent coding regions. Expression of
geminivirus genes follows a general strategy of plant and animal
DNA virus transcription programs, where early gene products activate
expression of viral genes required later in the replication cycle. The
TGMV AL1 protein binds the origin of replication (Gladfelter et al., 1997)
and negatively regulates AL62 mRNA, activating transcription of down-
stream viral RNAs, which express the viral AL2 and AL3 proteins (Shung
and Sunter, 2007). AL2 protein interacts with SNF1 and ADK, as part of
the viral response to host defense (Hao et al., 2003; Wang et al., 2003,
2005), and activates the coat protein (CP) and BR1 gene promoters late
in infection (Sunter and Bisaro, 1991, 1992).l rights reserved.Previous studies have demonstrated that AL2 (also known as AC2)
induces TGMV CP expression by different mechanisms: activation of
the CP promoter in mesophyll cells and derepression of the promoter
in phloem tissue (Sunter and Bisaro, 1997). AL2 functions to activate
the TGMV CP promoter via a bipartite sequence element positioned
between −125 to −60 bp upstream of the transcription start site
(Sunter and Bisaro, 2003). In contrast, AL2 stimulates the CP promoter
in phloem by derepression, mediated by sequences located between
1.2 and 1.5 kb upstream of the CP transcription start site. Sequences
necessary for phloem expression are located within 657 bp of the
CP transcription start site (Sunter and Bisaro, 1997). Repression is
recognized as an important strategy for eukaryotic gene regulation,
widely utilized by viruses to either regulate the temporal expression
of the viral genome or to alter the host cellular transcription apparatus
for the beneﬁt of the virus. Interactions between positive and negative
regulatory sequences to control the geminivirus CP promoter is in-
teresting as several promoters including the mannopine and octo-
pine synthase promoters (Guevara-Garcia et al., 1993) are regulated
through such interactions.
The function of AL2 is not virus-speciﬁc as previous studies have
shown the AL2 gene products of different begomoviruses can com-
plement a TGMV al2 mutant in tobacco protoplasts (Sunter et al.,
1994) and in planta (Saunders and Stanley, 1995; Sung and Coutts,
1995). However, attempts to identify a conserved motif within AL2-
responsive promoters have met with little success (Ruiz-Medrano
et al., 1999; Sunter and Bisaro, 2003), suggesting AL2 might interact
with multiple host factors. This is supported by evidence that AL2
only weakly binds dsDNA, even the minimal sequence identiﬁed as
the AL2 response element and that binding activity is not sequence
speciﬁc (Hartitz et al., 1999; Noris et al., 1996; Sung and Coutts, 1996;
Fig. 1. Binding of nuclear proteins to sequences mediating repression of the TGMV coat protein promoter. (A) The circular double-stranded replicative form of TGMV DNA A is shown
with relevant restriction sites. Nucleotide coordinates are given according to the TGMV sequence determined by Hamilton et al. (1984). Open boxes indicate coding regions and
Arrows designate relevant transcripts and direction of transcription, and open triangles represent TATA boxes. The hatched box represents the ~230 bp intergenic region (IR). The
linear map illustrates TGMV dsDNA fragments within the NheI to BamHI fragment of TGMV DNA A that were used for EMSA. (B) 32P-labeled dsDNA fragments were incubated with
soluble nuclear extracts isolated from spinach plants in the presence or absence of cold competitor DNAs and separated on 4–20% TBE gels. The position of unbound probe and
protein/DNA complexes (⁎⁎) are indicated. (C) The table indicates the ability of various dsDNA probe fragments to bind nuclear proteins. Binding was assessed by a shift in the
mobility of 32P labeled dsDNA, upon incubationwith spinach nuclear extracts, and wasmeasured as a percentage of the total amount of probe in the reaction. The values given are the
mean (±standard error) from two independent experiments.
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interaction with multiple host factors that recognize sequences with-
in AL2 responsive promoters, although this has currently not been
demonstrated. An indirect promoter-targeting strategy for gemini-
viruses could be mechanistically similar to mammalian DNA virus
transcriptional activators such as herpesvirus VP16 and adenovirus
E1A. These viral proteins do not bind DNA sequences with high
afﬁnity, but instead are directed to responsive promoters by interac-
tions with the cellular factors Oct-1 and HCF (Lai and Herr, 1997) and
CBP/p300 (Zhang et al., 2000) respectively.
In this article, we provide evidence that the sequence mediating
repression of the TGMV CP promoter speciﬁcally binds nuclear proteins
and that activation and derepression of the CP promoter is conserved in
Cabbage leaf curl virus (CaLCuV), a second begomovirus. Binding assays
indicate that the two sequence elements necessary for AL2-mediated
activation and derepression of the CP promoter interact with different
nuclearproteins, even thoughchromatin immunoprecipitation indicates
that AL2 is able to interact with both of these elements independently.
Our results provide further evidence that AL2 interacts with different
components of the cellular transcription machinery to induce CP gene
expression in different cell types by two independent mechanisms.
Results
Nuclear proteins bind sequences important for repression of the TGMV
CP promoter
Previous studies using transgenic plants expressing TGMV CP
promoter-reporter constructs identiﬁed a 304 bp sequence (Fig. 1A;
NheI-BamHI) within the AL2 and AL3 genes that represses CP
expression in phloem tissue (Sunter and Bisaro, 1997). To further
characterize this sequence we performed electrophoretic mobility
shift assays (EMSA) using a series of overlapping dsDNA fragments
(80–100 bp) spanning the previously identiﬁed repressor element.
DNA fragmentswere generated by PCR andused in binding assayswith
a soluble protein fraction extracted from puriﬁed nuclei isolated from
Nicotiana benthamiana suspension cells (Shung et al., 2006; Tu and
Sunter, 2007). Soluble nuclear proteins bound to DNA fragments
containing sequences from nt 1343–1443 (R1), nt 1385–1467 (R5) andnt 1443-1525 (R2) as evidenced by a shift in the labeled probe and nt
1443–1525 (R2) as evidenced by a shift in the labeled probe fragment
(Fig. 1B and C). DNA containing sequences from nt 1467–1552 (R4)
appeared to exhibit binding thatwas approximately 10-fold lower (Fig.
1C). No binding was detected in experiments using DNA fragments
containing sequences fromnt 1243–1343 (R7), nt 1285–1385 (R6) or nt
1525–1629 (R3; Fig. 1C). Binding speciﬁcity was determined by
competition using various DNA fragments as unlabeled competitor.
Binding to R2 and R5was efﬁciently competed with both unlabeled R2
and R5 (100 M excess) respectively (Fig. 1B). Binding was not affected
by the addition of a non-speciﬁc 78 bp DNA fragment from pUC118
even at 200 M excess (Fig. 1B). From these results we conclude that
TGMVDNA sequences between nt 1343 and nt 1552 speciﬁcally bind a
nuclear protein(s). Based on the lack of binding to R6 and R3 (Fig. 1C)
the binding site(s) is likely located between nt 1385 and 1525.
Identiﬁcation of a minimal binding sequence within the TGMV repressor
element
To deﬁne a minimal sequence element that binds nuclear proteins
we generated a series of nine overlapping dsDNA oligonucleotides that
span nt 1370–1520 of the TGMV genome. Each dsDNA oligonucleo-
tide comprised 30 bp of TGMV sequence, which overlapped by 15 bp
(Fig. 2A). As can be seen (Fig. 2B), soluble nuclear proteins bound dsDNA
containing sequences fromnt1490–1520 (RP5), nt 1430–1460 (RP3) and
nt 1415–1445 (RP7). However, DNA containing sequences fromnt 1460–
1490 (RP4) or nt1445–1475 (RP8) exhibited binding that was approxi-
mately 10-fold lower (Fig. 2B). No binding was detected with dsDNA
fragments containing sequences from nt 1370–1400 (RP1), nt 1400–
1430 (RP2), nt 1385–1415 (RP6) or nt 1475–1505 (RP9; Fig. 2B).
Speciﬁcity of binding was shown by competition using different DNAs.
As an example, binding of nuclear proteins to RP5 was not competed
using pUC or ssDNA corresponding to the dsDNA oligonucleotide as
unlabeled competitor (Fig. 2C). This was true for all dsDNA oligos where
bindingwas detected (data not shown) demonstrating that bindingwas
speciﬁc, and not a consequence of any residual single-stranded DNA left
fromthepuriﬁcationprocedure. These experiments allowus to conclude
that the minimal sequence capable of binding nuclear proteins most
likely lies between nt 1415 and 1520. However, a dsDNA fragment
Fig. 2. Identiﬁcation of a minimal binding site within the TGMV repressor region. (A) The linear map represents part of the TGMV DNA A genome component from nt 1090 to 2251
that includes the region known to repress CP promoter activity. Relevant restriction sites and nucleotide coordinates are given according to the sequence of Hamilton et al. (1984).
Double-stranded DNA oligonucleotides (RP1-RP9) that were used for EMSA are shown. Sequences of the oligonucleotides are given in Table 1. (B) The table indicates the ability of
various dsDNA probe fragments to bind nuclear proteins. Binding was assessed by a shift in the mobility of 32P labeled dsDNA, upon incubationwith spinach nuclear extracts, and was
measured as a percentage of the total amount of probe in the reaction. The values given are the mean (±standard error) from two independent experiments. (C) 32P-labeled DNA
fragments were incubated with soluble nuclear extracts isolated from spinach plants in the presence or absence of cold competitor DNAs, as indicated, and separated on 4–20% TBE
gels. The position of unbound probe and protein/DNA complexes (⁎⁎) are indicated. One of three independent experiments is illustrated.
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(Fig. 2B). As this overlaps dsDNA fragments containing sequences from
nt 1460–1490 (RP4) and from nt 1490–1520 (RP5) which do exhibit
binding, is possible that nuclear proteins bind several elements within
this region. To determine if this was the case, we tested the ability of
different dsDNAoligos to compete for binding of nuclear proteins to RP5
(Fig. 2C). As can be seen, binding to RP5 (nt 1490–1520) was efﬁciently
competed (100 M excess) using RP3 and RP4 as unlabeled competitor
(Fig. 2C). This suggests that a single sequence element capable of binding
nuclear proteins most likely lies between nt 1415 and 1520.Different nuclear proteins bind distinct sequence elements responsible
for activation and repression of the geminivirus CP promoter
Previous studies showed that distinct viral sequence elements
mediate derepression in phloem and activation in mesophyll, sug-
gesting that AL2 interacts with different components of the cellular
transcription machinery to express the CP gene in different cell types
(Sunter and Bisaro, 1997). To further study this aspect of CP gene
expression, we performed EMSA using the previously identiﬁed
minimal sequence (PvuI-DraI: Fig. 3A) required for activation of the
Fig. 3. Sequences mediating repression and activation of begomovirus CP promoters bind different nuclear proteins. (A) The linear map represents the structure of the A55 M
transgene (Sunter and Bisaro, 1997) (CP::GUS/AL2-) containing a full-length TGMV A genome in which the CP coding sequence has been replaced with the GUS reporter gene (CP/
GUS; open box). Relevant restriction sites with nucleotide coordinates (Hamilton et al., 1984), and the hairpin-loop structure within the intergenic region are shown. Regions of the
genome necessary for repression and AL2-dependent activation of the TGMV CP promoter are indicated. The arrows above the diagram indicate the positions of primers (see Table 1
for sequences) used for chromatin immunoprecipitation (see Fig. 4). (B) 32P-labeled dsDNA fragments were incubated with soluble nuclear extracts isolated from spinach or
N. benthamiana (N. b) plants in the presence or absence of cold competitor DNAs and separated on 4–20% TBE gels. The position of unbound probe and protein/DNA complexes (⁎⁎) are
indicated. Lanes 1 and 5 contain probe alone with no nuclear extract. Lanes 2–4 and 6–11 contain probe+nuclear extract with or without competitor DNA as indicated above each
panel. One of three independent experiments is illustrated.
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nuclear proteins isolated from N. benthamiana bound to the 104 bp
PvuI-DraI fragment (Activator) as evidenced by a shift in mobility of
the labeled probe fragment (Fig. 3B, lane 2). Speciﬁcity of binding was
shown by competition using the activator fragment as unlabeled com-
petitor (Fig. 3B, lane3). In contrast, binding to the activator fragmentwas
not competed (Fig. 3B, lane 4) when using a dsDNA fragment spanning
the repressor element (R5; nt 1385–1467). Reciprocal EMSA experi-
ments were performed using R5 (nt 1385–1467) as a probe. Binding
of soluble nuclear proteins isolated from N. benthamiana to R5 was
evidenced by a shift in the labeled probe fragment (Fig. 3B, lane 9).
Similar binding of nuclear extracts isolated from spinach plants was also
observed (Fig. 3B, lane 6) indicating that nuclear proteins of both species
have the capacity to bind these elements. Binding was efﬁciently
competed using R5 as unlabeled competitor (Fig. 3B, lanes 7 and 10),
but not by the activator fragment (Fig. 3B, lanes 8 and 11). Although
binding to the probes by N. benthamiana extracts appeared to be lower
than spinach the protein concentration was also lower and a direct
comparison was not made. More than one DNA:Protein complex was
detected when using the activator fragment as a probe, in contrast to
the repressor which appeared to form a single complex. This could
reﬂect binding of different amounts of a single protein, or binding of
multiple proteins, but these results are consistent with different nu-
clear proteins binding to the activator fragment (PvuI-DraI; nt 163–60)
and repressor element (R5; nt 1385–1467). This is also consistent with
the hypothesis that AL2 mediated regulation of CP gene expression indifferent cell types occurs through two independent mechanisms
(Sunter and Bisaro, 1997).
TGMV AL2 protein interacts with both the activator and repressor
sequences in vivo
Wenext testedwhether AL2 can interactwith the two independent
sequences (Fig. 3), which have been shown tomediate AL2-dependent
regulation of the TGMV CP promoter (Sunter and Bisaro, 1997, 2003).
To determine the interaction of TGMV AL2 with the TGMV activa-
tor (PvuI-DraI; Fig. 3A) and repressor elements (R5, Fig. 3A) we used
chromatin immunoprecipitation (ChIP). For these experiments we
took advantage of previously characterized N. benthamiana lines car-
rying the A55M transgene (pTGA55M) (Sunter and Bisaro, 1997). This
transgene (CP::GUS/AL2-) consists of a full-length TGMV A genome
in which the CP coding sequence has been replaced with the GUS
reporter gene. In addition, this transgene contains a mutation in the
AL2 gene and so is incapable of producing functional AL2 protein
(Sunter and Bisaro, 1991). Transgenic plants were infused with Agro-
bacterium containingDNA sequences capable of directing expression of
TGMV AL2 from the Cauliﬂower mosaic virus (CaMV) 35S promoter
(pTGA89) to induce CP promoter activity. This results in GUS activity in
the inﬁltrated area of the leaf as detected by histochemical staining
(data not shown). As a control, plants were also infused with Agro-
bacterium containing empty vector (pMON530). In vivo complexes
were puriﬁed one to 2 days post-infusion and DNA/Protein complexes
Fig. 4. TGMV AL2 protein independently associates with the activator and repressor
regions. Chromatin immunoprecipitation assays were performed using protein/DNA
complexes isolated from A55M or CaLCuV bCP [-323]-GUS transgenic N. benthamiana
plants infused with either empty vector or DNA containing sequences capable of
constitutively expressing TGMV AL2 (pTGA89). PCR was performed on DNA captured in
immune complexes using primer sets speciﬁc for the activator (A), repressor (B) regions
of the TGMV DNA A genome (see Fig. 3 for diagram), the activator and repressor regions
of TGMV combined (C) or the activator region of CaLCuV DNAA (D). One of two (Panel D)
or three (Panels A, B and C) independent experiments is illustrated. In panels (A) and (B),
Lane 1 illustrates the PCR product ampliﬁed frompTGA55MplasmidDNA. In all panelsM
indicates a 1 kb DNA ladder (New England Biolabs, Ipswich, MA) with the 300, 500,1000
and 2000 bp fragments indicated. (A) PCR products from reactions containing DNA
captured in immune complexes fromA55M transgenic plants infusedwith empty vector
(Lanes 2 and 3) or pTGA89 (Lanes 4 and 5) 1 and 2 days post-infusion respectively. PCR
products from reactions containing input DNA from A55M transgenic plants infused
with pTGA89 (Lanes 6 and 7) or empty vector (Lanes 8 and 9) 1 and 2 days post-infusion
respectively are shown. (B) PCR ampliﬁcations containing DNA captured in immune
complexes from A55M transgenic plants infused with empty vector (Lanes 2 and 3) or
pTGA89 (Lanes 4 and 5) 1 and 2 days post-infusion respectively. PCR products from
reactions containing input DNA fromA55M transgenic plants infusedwith empty vector
(Lanes 6 and 7) or pTGA89 (Lanes 8 and 9) 1 and 2 days post-infusion respectively are
shown. (C) PCR product from reactions containing unsheared chromatin from A55M
transgenic plants (Lane 1) (D) PCR reactions containing DNA captured in immune
complexes fromCaLCuV bCP [-323]-GUS transgenic plants infusedwith pTGA89 (Lane 2)
or empty vector (Lane 4) 2 days post-infusion. Lanes 1 and 3 contain PCR ampliﬁcations
using DNA from chromatin complexes isolated from CaLCuV bCP [-323]-GUS transgenic
plants infusedwith pTGA89 or empty vector respectively, prior to immunoprecipitation.
Table 1
Sequences of primers used for ampliﬁcation of DNA fragments used in protoplasts, ChIP
and EMSA
Primer
name
Sequence Nucleotide
coordinatesa
CPReg5 5′-GCGGAATTCCCGGATGGCCGCGCGATCGTC-3′ 142–160
CPReg3 5′-GCGGAATTCCTTAGATTTCAGGGCC-3′ 236–250
CLCV-694 5′-GCGAAGCTTGGTAGACGTCGTCTTTATTTGCC-3′ 2220–2242
CLCVCP5-1 5′-GCGAAGCTTTGCTAAACGAAACGATTTAGG-3′ 1–21
CLCVCP5-2 5′-GCGAAGCTTAATATTACCGGATGGCCGC-3′ 173–191
CLCVCP5-3 5′-GCGAAGCTTTAGCTATTAAGGCTAACTGAG-3′ 264–284
CLCVCP3-1 5′-GCGGGATCCCCCCGCCATAGAACGCCAC-3′ 359–377
CLCVCP3-2 5′-GCGGAGCTCTAAATTTTGAAATTTATTACATGATTCTCG-3′ 1095–1124
CLCVCP3-3 5′-GCGGATATCACAACGCCGTCAATGCGGGATGTGTGG-3′ 2193–2219
RepC 3 5′-GAGCAGCTAAACGAAGAGC-3′ 1534–1552
RepC 5 5′-GTTTCTGCAGTCGATGTG-3′ 1467–1484
RepB 3 5′-CAGAAACAATGGATTCACGC-3′ 1454–1473
RepB 5 5′-GAGGGGATTTGTTATCTCC-3′ 1385–1403
RepA 3 5′-GGCGACGAATTGACCTGAAC-3′ 1506–1525
RepA 5 5′-GTTCCCCTGTGCGTGAATCC-3′ 1444–1463
TGMVAL35 5′-GCGCCATGGATTCACGCACAGGGGAACC-3′ 1443–1461
RepViral#1 5′-CCGATTCTCGAGGTGTTGGTGTAGAGGGGATC-5′ 1343–1360
RepD 5 5′-CGTCGATGTCGTCCATAC-3′ 1241–1258
RepD 3 5′-CCAACACCAGGATATACC-3′ 1330–1347
RepE 5 5′-GCGGATCCAATGCTCTCCTCAGG-3′ 1285–1304
RepE 3 5′-CCTCTATTTCAAGATAATCAGCG-3′ 1366–1388
1629 cRT 5′-GCGAAGCTTCGTCGCCTTCTAATAGCTC-3′ 1519–1537
AL16295 5′-GCGCCATGGACTCCACTAAAGAACTGGAC-3′ 1610–1629
CLCVAC23 5′-GCGAAGCTTGGATCCCTACTTAAATATGTCGGCCC-3′ 1236–1255
CLCVAC2 5 5′-GCGAGATCTATGCAAAATTCATCACTCTTG-3′ 1605–1622
CLCV Rep3 5′-GTACGCCGAAGACGCATTG-3′ 1413–1430
CLCV Rep5 5′-GGATTTGGAACCTCCCAG-3′ 1538–1556
TYLCVRep5 5′-CGCCATTCTCTGCCTGAGG-3′ 1434–1452
TYLCVRep3 5′-CCAATAAGGCGTAAGCGTG-3′ 1537–1555
PGMVRep5 5′-GGAATTCTCTGCCTGACGC-3′ 1308–1326
PGMVRep3 5′-GACCTGTTCGCAGACGACG-3′ 1412–1430
GUS SEQ 5′-CCCACCAACGCTGATCAATTCCAC-3′ 788–802
GUScRT 5′-GCGCTCGAGCGCTGGACTGGCATGAACTTCG-3′ 2466–2484
aNucleotide coordinates are given according to the TGMV (Hamilton et al., 1984),
CaLCuV (Abouzid et al., 1992), PGMV (Brown et al., 2005) and TYLCV (Isakeit et al.,
2007) sequence.
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body (100 µg) prepared against full-length TGMV AL2 protein (Wang
et al., 2003). This antibody speciﬁcally reacts against TGMV AL2 (data
not shown). In immunoprecipitation reactions containingDNA/protein
complexes isolated from leaves infused with pTGA89 we ampliﬁed a
323 bp PCR product using primers (Fig. 3A; CPReg5′ and GUS SEQ)
speciﬁc for the activator at both 1 and 2 days post-infusion (Fig. 4A,
lanes 4 and 5). In contrast no product was ampliﬁed in samples con-
taining DNA/protein complexes isolated from leaves infused with
empty vector (Fig. 4A, lanes 2 and 3). The same-sized PCR product was
ampliﬁed using input chromatin isolated from leaves infused with
both pTGA89 and empty vector (Fig. 4A, lanes 6–9). In similar ex-
periments, a 580 bp PCR product was ampliﬁed in immunoprecipita-
tion reactions containing DNA/protein complexes isolated from leaves
infused with pTGA89 with primers speciﬁc for the repressor (Fig. 3A;
GUS cRT and TGMV AL3 5′) at both 1 and 2 days post-infusion (Fig. 4B,
lanes 4 and 5). No product was ampliﬁed in samples containing DNA/
protein complexes isolated from leaves infused with empty vector
(Fig. 4B, lanes 2 and 3). Again, the same-sized PCR product was am-
pliﬁed from input chromatin isolated from leaves infused with
both pTGA89 and empty vector (Fig. 4B, lanes 6–9). These resultsdemonstrate that AL2 interacts speciﬁcally in vivo with both the
activator and repressor regions within TGMV DNA A. An alternative
explanation is that AL2 only interacts with one region of the viral
genome and the DNA/Protein complexes isolated by immunoprecipi-
tation contain the entire TGMV genome due to incomplete fragmenta-
tion of in vivo complexes. To test this possibility we performed PCR
using primers capable of amplifying a DNA fragment containing both
the activator and repressor regions (Fig. 3A; CPReg5′ andTGMVAL35′).
We were unable to amplify a PCR product under these conditions
indicating that the activator and repressor fragments were not linked
in our assays (data not shown). We were also unable to amplify a PCR
product from chromatin after sonication (input chromatin; data not
shown), but were able to amplify a PCR product from chromatin prior
to sonication (Fig. 4C, lane 1), indicating that the longer product can be
ampliﬁed efﬁciently. This therefore suggests that TGMV AL2 interacts
with both the activator and repressor regions independently when in
a chromatin context.
To further extend these observations we used ChIP to determine
if TGMV AL2 was capable of interacting with CaLCuV CP promoter
sequences in transgenic N. benthamiana plants expressing CaLCuV
bCP [-323]-GUS (Fig. 6). In immunoprecipitation reactions containing
DNA/protein complexes isolated from leaves infused with pTGA89
we ampliﬁed the expected 375 bp PCR product using primers speciﬁc
for the activator (Table 1: CLCVCP5-1 and CLCVCP3-1), 2 days post-
infusion (Fig. 4D, lane 2). In contrast, no product was ampliﬁed
in samples containing DNA/protein complexes isolated from leaves
infused with empty vector (Fig. 4D, lane 4). The same PCR product
was ampliﬁed using input chromatin isolated from leaves infused
with both pTGA89 and empty vector (Fig. 4D, lanes 1 and 3). This
Fig. 5. Activation of CaLCuV CP promoter-reporter constructs by AL2. (A) The linear maps illustrate derivatives of CaLCuV DNA A containing different 5′ ﬂanking regions of the CP gene
cloned as translational fusion with the GUS reporter gene (open bar). Deletion end-points, the nopaline synthase (nos) 3′ polyadenylation signal and the region of the genome
containing the activator (Activ) and repressor (RP) sequences are indicated. Clone designations are shown on the left side of the diagram and indicate the amount of 5′ ﬂanking
sequence relative to the translational initiation site for CP. Diagrams are not drawn to size. (B) Activity of CP promoter-reporter constructs in the presence (activated) or absence
(basal) of AL2 was determined by measuring GUS activity. Protoplasts (5×105 cells) were transfected with 10 µg of a promoter-reporter construct and GUS activity measured in
extracts isolated 3 days post-transfection. Columns represent the mean fold activation (Ratio [AL2 activated/basal] GUS activity) for each promoter-reporter construct from two
independent experiments, except for CP [-694]-GUS and CP [-694]-GUS-CP3′where a single experiment was performed. Basal activity is deﬁned as the amount of GUS measured for
each construct in the presence of pUC, which was arbitrarily assigned a value of 1. Error bars represent the standard error of the mean from two independent experiments.
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of another bipartite begomovirus and conﬁrms previous data that
shows TGMV AL2 function is not virus-speciﬁc (Sunter et al., 1994).
AL2-mediated regulation of the CP promoter is conserved among
begomoviruses
Previous studies of CP promoter regulation in TGMV, Pepper
huasteco yellow vein virus (PHYVV), African cassava mosaic virus
(ACMV) and Mungbean yellow mosaic virus (MYMV) have clearly
shown that expression of the CP gene is dependent on the presence
of the AL2 gene product (Haley et al., 1992; Ruiz-Medrano et al., 1999;
Shivaprasad et al., 2005; Sunter and Bisaro, 1991). To investigate
whether the CaLCuV CP promoter is also responsive to AL2, a series
of 5′-truncated promoters with 5′ end-points at -323, -151 and -61linked to the β-glucuronidase (GUS) reporter in a translational fusion
were constructed (Fig. 5A). The resulting clonedDNAswere transfected
into protoplasts prepared from N. benthamiana suspension culture
cells, along with either a negative control plasmid (pUC118) to deter-
mine basal activity, or with DNA capable of constitutively expressing
TGMV AL2 or CaLCuV AL2 from the CaMV 35S promoter. Total cell
extracts were prepared and ﬂuorometric GUS assays performed 3 days
post-transfection as describedpreviously (Sunter andBisaro, 2003). An
approximate two to four-fold increase in GUS activity over basal levels
was detected in extracts isolated from protoplasts co-transfected with
TGMV and CaLCuV 35S-AL2 expression plasmids and constructs
containing promoter 5′ end-points at -694, -323 and -151 (Fig. 5B).
No signiﬁcant increase over basal activity was observed in protoplasts
co-transfected with 35S-AL2 expression plasmids and a promoter-
reporter construct with a 5′ end-point at -61. The addition of 340 bp of
Fig. 6. Activity of CaLCuV CP promoter-reporter constructs in transgenic N. benthamiana plants. Tissue samples were treated and prepared as described under Materials and methods
and photographed under a light microscope. Panel (A) illustrates part of a leaf taken from transgenic plants containing the bCP [-694]-GUS transgene. Note that staining is limited to
the vascular region. Panel (B) illustrates part of a systemically infected leaf from a plant containing the bCP [-694]-GUS transgene 10 days after inoculation with CaLCuV. Note that
staining appears in both vascular and mesophyll tissues. Panel (C) illustrates part of a leaf from a plant containing the bCP [-694]-GUS-CP3′ transgene. Panel (D) illustrates callus
tissue generated from plants containing the bCP [-694]-GUS-CP3′ transgene.
85G. Lacatus, G. Sunter / Virology 376 (2008) 79–89sequence to the 3′ end of the CP/GUS coding sequence (CP-[-694]-GUS-
CP3′) had no effect on activation of the CP promoter by CaLCuV or
TGMVAL2 in protoplasts. This construct does not contain an intact AL2
gene and the CP promoter is inactive in the absence of AL2, but was
activated approximately three to four-fold in the presence of TGMV
AL2 and CaLCuV AL2 (Fig. 5B). These results allow us to conclude that
the CaLCuV AL2 gene product is required for CP promoter activation in
protoplasts, and that the sequence(s) required for activation of the
CaLCuV CP promoter lies within 323 bp upstream of the CaLCuV CP
open reading frame. In addition, the results show that the CaLCuV CP
promoter can be activated by the heterologous TGMVAL2 protein. This
is consistent with previous studies that demonstrate that the function
of AL2 is not virus-speciﬁc in protoplasts (Sunter et al., 1994) or in
planta (Saunders and Stanley, 1995; Sung and Coutts, 1995).
AL2-independent expression of a truncated CaLCuV CP promoter in
vascular tissue
To further assess whether AL2 is required for CaLCuV CP promoter
expression in all tissues, transgenic N. benthamiana plants contain-
ing truncated CP promoters used for transfection in protoplasts were
generated by Agrobacterium-mediated transformation. PCR ampliﬁ-
cation was used to verify the presence of each transgene (data not
shown). N. benthamiana plants transgenic for CaLCuV promoter-re-
porter constructs containing 5′ end-points at -694 (bCP [-694]-GUS)
(Fig. 6A), -323 (bCP [-323]-GUS) and -61 (bCP [-61]-GUS) exhibited
strong promoter activity in vascular tissue in the absence of AL2, as
determined by histochemical staining. No expression was observed in
mesophyll or other cell types. This suggests that elements important
for AL2-independent CP expression in vascular tissue are positioned in
a relatively small region within 61 bp of the CP coding region. Similar
observations have been reported with truncated TGMV (Sunter and
Bisaro, 1997) and PHYVV (Ruiz-Medrano et al., 1999) CP promoter
constructs. Ten days after inoculation of N. benthamiana plants trans-
genic for a CaLCuV promoter-reporter construct containing a 5′ end-
point at -694with TGMV or CaLCuV (Fig. 6B), intense GUS stainingwasclearly visible in both phloem and mesophyll tissue of systemically
infected tissue. Staining was primarily in cells surrounding chlorotic
lesions, and usually absentwithin the lesions. This has previously been
observed for truncated TGMV CP promoters and was suggested to be a
consequence of the cytopathic effects of virus infection (Sunter and
Bisaro, 1997). This result indicates that both CaLCuV and TGMV AL2
gene products can activate the CaLCuV CP promoter in mesophyll
tissue, consistent with previous reports for the TGMV CP promoter
(Sunter and Bisaro, 1997).
We next determined whether AL2-independent expression from
the CaLCuV CP promoter is repressed in a manner similar to TGMV
(Sunter and Bisaro, 1997). Transgenic N. benthamiana plants were
generated containing a transgene similar to CaLCuV bCP [-694]-GUS
except additional sequences were added to the end of the CP/GUS
coding sequence (Fig. 5A: bCP [-694]-GUS-CP3′). In contrast to N. ben-
thamiana plants transgenic for a promoter–reporter construct contain-
ing a 5′ end-point at -694, no GUS expression was observed in any cell
type of leaves sampled from plants transgenic for a promoter–reporter
construct containing the additional 340 bp of CaLCuV sequence (bCP [-
694]-GUS-CP3′; Fig. 6C). To verify that the chromosomally inserted bCP
[-694]-GUS-CP3′ transgene is viable and potentially active, leaf discs
were cut from bCP [-694]-GUS-CP3′ transgenic plants, placed on culture
medium and allowed to induce callus formation. Intense AL2-indepen-
dent GUS expressionwas observed in the callus tissue derived from bCP
[-694]-GUS-CP3′ leaf tissue 21 days after culturing (Fig. 6D). The same
result was obtained for callus derived from bCP [-694]-GUS and bCP [-
323]-GUS leaf tissue, which is similar to observations of callus tissue
from N. benthamiana plants containing a repressed TGMV CP promoter
(Sunter and Bisaro, 1997). Ten days after inoculation of N. benthamiana
plants containing the bCP [-694]-GUS-CP3′ transgene with TGMV or
CaLCuV (Fig. 6C), GUS stainingwasvisible inbothphloemandmesophyll
tissue of systemically infected tissue similar to that observed for N.
benthamiana plants containing the CaLCuV bCP [-694]-GUS transgene
(Fig. 6B). In no case was GUS expression observed when plants were
inoculated with BCTV (data not shown), which does not activate TGMV
CP promoter expression (Sunter et al., 1994). From this data we can
Fig. 7. Differential binding of nuclear proteins to sequences mediating repression and activation is conserved in monopartite and bipartite begomoviruses. 32P-labeled dsDNA
fragments containing the repressor sequences from CaLCuV (A) or TGMV (B) and activator sequences from CaLCuV (C) were incubated with soluble nuclear extracts isolated from
spinach plants in the presence or absence of cold competitor DNAs as indicated and separated on 4–20% TBE gels. The position of unbound probe and protein/DNA complexes (⁎⁎) is
indicated. One of two independent experiments is illustrated.
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CaLCuV DNA A genome contain an element(s) capable of repressing the
CaLCuV CP promoter in vascular tissue. Together these results
demonstrate that the TGMV and CaLCuV CP promoters are regulated
in a similar manner, with activation in mesophyll and derepression in
phloem tissue.
CaLCuV repressor and activator regions bind different nuclear proteins
Having demonstrated repression of the CaLCuV CP promoter in
vascular tissue, we next aligned CaLCuV (Fig. 6; nt 1440–1094) and
TGMV (Sunter andBisaro,1997; nt 1356–1660) sequences thatmediate
repression. A sequence was identiﬁed in CaLCuV (nt 1414–1556) that
exhibits 77% identity to the TGMV sequence known to bind nuclear
proteins (Fig. 2). Soluble proteins from spinach bind to dsDNA con-
taining CaLCuV sequences from nt 1414–1556 (CaLCuV RP), as evi-
denced by a shift in mobility of the labeled probe fragment (Fig. 7A,
lane 2). Speciﬁcity of binding was shown by competition, using
unlabeled CaLCuV RP (100 M excess) as competitor (Fig. 7A, lane 3).
Unlabeled TGMV DNA containing sequences that bind nuclear pro-
teins (nt 1430–1520), can also compete for binding to the CaLCuV
RP sequence at 100 M excess (Fig. 7A, lane 5). We next investigated
whether conservation of binding extends to the activator sequence of
both CaLCuV and TGMV. As shown (Fig. 7A, lane 4), binding to CaLCuV
RP was not competed by a 201 bp DNA fragment (nt 173–373) con-
taining the activator sequence located within 323 bp upstream of the
CaLCuV CP open reading frame (Fig. 5A). This suggests that different
nuclear proteins bind CaLCuV CP activator and repressor fragments
as in the case for the TGMV CP promoter. The reciprocal result was
obtained using the 201 bp DNA fragment (nt 173–373) containing the
activator sequence of CaLCuV as labeled probe (data not shown).
Binding of nuclear proteins to the TGMV RP sequence can also be
efﬁciently competed using similar sequences from TGMV, CaLCuV,
Pepper golden mosaic virus (PGMV) and Tomato yellow leaf curl virus
(TYLCV; Fig. 7B, lanes 3, 4, 5 and 6). Together, these results indicate
nuclear proteins bind to a sequence element conserved between
TGMV, CaLCuV, PGMV and TYLCV. This sequence is also containedwithin a region of the viral genome known to mediate repression of
the CP promoter in TGMV and CaLCuV. We then tested whether
CaLCuV and TGMV activator sequences bind the same nuclear factors.
As shown, binding to the CaLCuV activator sequence (Fig. 7C, lane 2)
was efﬁciently competed by the homologous CaLCuV (Fig. 7C, lane 3)
and heterologous TGMV (Fig. 7C, lane 4) activator sequences. These
results indicate that sequences mediating activation in TGMV and
CaLCuV bind the same nuclear factors, but these factors are different
to those that bind sequences mediating repression. This data is
consistent with the idea that begomoviruses share a common
mechanism for regulation of the CP promoter in vascular and non-
vascular tissue.
Discussion
Previous analysis of the TGMV CP promoter demonstrated that
AL2 induces CP gene expression in different cell types through distinct
viral sequence elements. In mesophyll tissue AL2 appears to activate
whereas in phloem AL2 acts to derepress the CP promoter (Sunter and
Bisaro, 1997). This data suggests that AL2 may interact with different
components of the cellular transcription machinery and use different
mechanisms to induce CP gene expression in different cell types. In this
studywe have identiﬁed a sequence located between nt 1430 and 1475
(Fig. 2) within the TGMV A genome that speciﬁcally binds a nuclear
protein(s). A second sequence located between nt 1490 and 1520
(Fig. 2; RP5) also speciﬁcally binds a nuclear protein(s). As binding can
be competed by sequences located between nt 1430 and 1475 (Fig. 2;
RP3) this suggests that a single protein could bind to more than one
sequence element. These sequences reside within the AL2/AL3 co-
ding region that has been shown tomediate repression of the TGMV CP
promoter (Sunter and Bisaro, 1997), which implies that the nuclear
protein(s) could be a transcriptional repressor(s). It is interesting to
note that a dsDNA oligonucleotide containing sequences between nt
1460 and 1490 (Fig. 2; RP4), which exhibits weaker binding activity,
is able to compete efﬁciently for RP5 binding. The reason for this is
unknown, but it may be a consequence of DNA:Protein complex
stability that is difﬁcult to measure using crude nuclear extracts,
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observed for the repressor YY1 where stability of the protein on high
afﬁnity binding sites was not concordant with binding afﬁnity. For
example, YY1 exhibits a slow dissociation rate when competitors are
added after the complex has formed on the probe, whereas low
binding is observedwhen competitors are present in the initial binding
reaction (Yant et al., 1995). Therefore, even though RP4 exhibits weak
binding it may inﬂuence stability when added as a competitor prior to
complex formation on the RP5 probe. These questions can be more
deﬁnitively answered when the binding protein has been identiﬁed.
To determine whether this sequence(s) was conserved between
different begomoviruses we identiﬁed CP promoter elements within
CaLCuV. Our studies demonstrate that the CaLCuV CP promoter
exhibits AL2-dependent regulation in protoplasts (Fig. 5), with se-
quences required for AL2-dependent activation located within 323 bp
of the CP coding region. This activation is not virus-speciﬁc as the
promoter is induced in the presence of the heterologous TGMV AL2
gene product. While AL2-dependent activation of the CP promoter has
been demonstrated for a number of begomoviruses, including TGMV,
PHV, ACMV and MYMV (Haley et al., 1992; Ruiz-Medrano et al., 1999;
Shivaprasad et al., 2005; Sunter and Bisaro, 1991), AL2-independent
expression has only been reported for TGMV (Sunter and Bisaro,1997)
and PHV (Ruiz-Medrano et al., 1999). We have extended this ob-
servation to the CP promoter of a third begomovirus, CaLCuV, which
also exhibits AL2-independent vascular expression (Fig. 7). Sequences
necessary for vascular expression are located within 61 bp of the
CP coding region, and AL2-independent CP promoter activity is re-
pressed in the presence of viral sequences located between nt 1440–
1094 of the CaLCuV DNA A genome (Fig. 7). The CaLCuV CP promoter
can be activated in mesophyll cells in the presence of TGMV and
CaLCuV which implies that the CaLCuV CP promoter is responsive
to AL2 in a chromosomal context as previously reported for TGMV
(Sunter and Bisaro, 1997). The absence of GUS expression in mesophyll
tissue when plants were inoculated with BCTV is not surprising as
BCTV is a phloem-limited geminivirus. However, the lack of vascular
expression is consistentwith the role of AL2, but not L2, in activation of
the CP promoter (Sunter et al., 1994).
Repression is recognized as an important strategy for eukaryotic
gene regulation, and is widely utilized by viruses to either regulate
the temporal expression of the viral genome or to alter the host
cellular transcription apparatus for the beneﬁt of the virus. In a
recent report, it has been suggested that Tobacco mosaic virus can
induce disease through interaction of the viral replicase with a
putative transcriptional repressor of auxin response genes (Padma-
nabhan et al., 2006). Adenovirus E1A binds to a general co-repressor
through the association with histone deacetylases leading to
alteration of cell growth and differentiation (Zhang et al., 2000).
Complex regulation of the geminivirus CP promoter may be regulated
through interactions between host factors that bind positive and
negative regulatory sequences. This is the case for several promoters
including the mannopine and octopine synthase (Guevara-Garcia et
al., 1993) and bean phenylalanine ammonia-lyase (Séguin et al., 1997)
promoters. Interactions between positive and negative regulatory
sequences could provide a mechanism to regulate the activity of
multiple promoters through interactions with different host regula-
tory factors.
Observations that AL2 can function through two independent
sequenceswithin the TGMVandCaLCuVgenome suggest that this viral
protein is capable of interacting with different components of the
host transcription machinery proteins to regulate the viral CP pro-
moter. Based on observations that AL2 does not bind dsDNA in a
sequence-speciﬁc manner (Hartitz et al., 1999) it has been suggested
that AL2 is directed to responsive promoters through protein-protein
interactions with cellular factors that recognize speciﬁc sequences
within AL2 responsive promoters (Sunter and Bisaro, 2003). This is
supported by our results demonstrating that the sequences mediatingrepression and activation of both the TGMV and CaLCuV CP promoter
appear to bind different nuclear factors (Fig. 3). Chromatin immuno-
precipitation experiments that show TGMVAL2 can interact with both
the repressor and activator regions of TGMV independently (Fig. 4)
further supports this conclusion. Results that demonstrate the ability
of TGMV AL2 to interact with the CaLCuV CP promoter in vivo is also
consistent with a model in which AL2 interacts with several cellular
dsDNA binding proteins. However, attempts to identify a conserved
motif within AL2-responsive promoters have met with little success
(Ruiz-Medrano et al., 1999; Sunter and Bisaro, 2003). Given these
observations, it is likely AL2may function in a similarmanner to herpes
simplex virus VP16 or adenovirus E1A that do not bind DNA sequen-
ces with high afﬁnity, but are directed to responsive promoters by
interactions with cellular factors (Lai and Herr, 1997; Zhang et al.,
2000). One possible advantage of an indirect promoter-targeting
scheme is that different sets of promoters could be targeted by AL2 at
different times during infection. The ability of AL2 to achieve such a
complex mechanism of regulation could reside in the functional
features of the protein. The AL2 protein resembles a transcription
factor (Hartitz et al., 1999) and as expected, AL2 accumulates in the
nucleus, although it is also present in the cytoplasm of infected cells
(Wang et al., 2003). Subcellular localization of AL2 appears to be
inﬂuenced by phosphorylation as phosphorylated AL2 accumulates
predominately in the nucleus while non-phosphorylated forms are
found in both the nucleus and the cytoplasm (Wang et al., 2003).
Recent studies have demonstrated that AL2 can form homo-dimers
and that self-interaction correlates with nuclear localization and ef-
ﬁcient activation of transcription (Yang et al., 2007). Self-interaction
in plant cells involves cysteine residues within a CCHC motif that
resembles a zinc-ﬁnger and is conserved in geminivirus AL2 proteins.
These observations suggest that the zinc ﬁnger-like domain, in con-
junction with the phosphorylation state of AL2, might modulate the
ability of AL2 to self-interact or to interact with cellular proteins (Yang
et al., 2007). Inﬂuencing the function of AL2 could promote interac-
tionswith different host factors to selectively activate and/or derepress
multiple host and/or viral genes at different stages during the infection
process.
Observations that nuclear factors from N. benthamiana, as well as
several different crop species including spinach and tomato, bind to
sequences regulating the CP promoter provide evidence that the host
factor(s) required for activation and repression of the begomovirus CP
promoter is conserved across species. Data that demonstrates binding
of nuclear proteins to viral sequences in both bipartite and mono-
partite members of the begomoviruses, suggests that this group of
geminiviruses share a common mechanism for regulation of the CP
promoter in vascular and non-vascular tissue. Conservation of viral
sequences regulating CP promoter activity amongst geminiviruses
that infect different crop species provides conﬁdence that disruption
of these interactions could lead to the development of new control
measures for this important group of plant pathogens.
Materials and methods
DNA techniques
All restriction endonucleases and DNA modifying enzymes were
used as recommended by the manufacturers. DNA and RNA
manipulations, polymerase chain reaction, and electrophoretic mobi-
lity shift analyses were performed essentially as described by Ausubel
et al. (2001) unless otherwise stated.
Electrophoretic mobility shift analysis
DNA fragments were ampliﬁed by PCR with different primers
(Table 1) using wild type TGMV (GenBank accession no. K02029),
CaLCuV (GenBank accession no. U65529), PGMV (GenBank accession
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as template. Alternatively, pairs of complementary oligonucleotides
containing TGMV sequences were synthesized, annealed and dsDNA
puriﬁed by gel isolation to remove any un-annealed ssDNA, as
described previously (Tu and Sunter, 2007). Annealed oligonucleotides
containedwild type TGMVsequences of 30 nt overlapping by15nt (see
Fig. 2B). Soluble protein extracts were isolated from N. benthamiana
and spinach nuclei as described (Shung et al., 2006), and binding of
nuclear proteins to either PCR products or dsDNA oligonucleotides
examined byelectrophoreticmobility shift assay (EMSA). Radiolabeled
probe DNA was incubated with 10 to 15 μg soluble nuclear protein
extracts, 375 ng poly(dI:dC), 50 fmole probe and 5 pmol competitor
DNA in 15 μl binding buffer (50 mM Tris–HCl, pH7.5, 5 mM MgCl2,
2.5 mM EDTA, 2.5 mM DTT, 250 mM NaCl, 20% glycerol). Reactions
were incubated at room temperature for 30 min and complexes re-
solved by electrophoresis in 4–20% polyacrylamide DNA retarda-
tion gels (Invitrogen, Carlsbad, CA). Gels were dried by vacuum onto
Whatman 3M paper prior to exposure using a phosphor storage
screen and analysis by phosphorimager (Biorad, Hercules, CA).
Cloning of promoter/reporter gene constructs
The constructs pTGA26 (TGMVDNAA), pTGA79 (35S-AL2), pTGA55
(TGMV A (CP:GUS/AL2-), and pLOGAN (BCTV) have been previously
described (Stenger et al., 1991; Sunter and Bisaro, 1991, 1992; Sunter et
al., 1994). The CaLCuV DNA A and DNA B components cloned in pUC19
were kindly provided by Dr. E. Hiebert (University of Florida,
Gainesville, FL). A series of truncated CP promoters was generated by
replacing the CaMV 35S promoter in pBI221 with different amounts of
5′ ﬂanking sequences of the CaLCuV CP gene. These 5′-truncated
promoter constructs were linked to the β-glucuronidase (GUS)
reporter in a transcriptional fusion consisting of the N-terminal 18
amino acids of the CP protein, and ﬂanked at the 3′end by the nopaline
synthase (nos 3′) or coat protein (CP-3′) polyadenylation signal. PCR
reactions containing cloned CaLCuV DNA as template and different
primer combinations (see Table 1 for sequences) ampliﬁed DNA frag-
ments of 748 (CLCV-694+CLCVCP3-1), 377 (CLCVCP5-1+CLCVCP3-1),
204 (CLCVCP5-2+CLCVCP3-1) and 113 bp (CLCVCP5-3+CLCVCP3-1).
Following restriction with HindIII-BamHI, the resulting fragments
were used to replace the 873 bp HindIII-BamHI fragment of pBI221 to
generate CP [-694]-GUS, CP [-323]-GUS, CP [-151]-GUS and CP [-61]-
GUS respectively. Cloned DNA containing promoter-reporter con-
structs with deletion end-points at -694, -323 and -61 (relative to the
translation start site for the CPORFwhichwas deﬁned as +1)were then
restricted with HindIII-EcoRI. The resulting 2849, 2478, and 2214 bp
fragments were cloned into the binary plasmid vector pMON521
(Rogers et al., 1987) to generate bCP [-694]-GUS, bCP [-323]-GUS and
bCP [-61]-GUS respectively.
DNA containing the authentic CaLCuV 3′ end was then generated.
First, an 1124 bp DNA fragment was ampliﬁed by PCR using primers
CLCVCP3-2 and CLCVCP3-3 (Table 1) with cloned CaLCuV DNA A as
template. Following restrictionwith EcoRI the DNAwas used to replace
the 262 bp fragment of pBI221 cleavedwith EcoRI, Klenow treated and
subsequently cleaved with SacI. The resulting cloned DNA (pGS299)
was restricted with EcoRI and SnaBI and the 1784 bp fragment pro-
duced was used to replace the 1695 bp EcoRI-SnaBI fragment of bCP [-
694]-GUS. The resulting DNA (bCP [-694]-GUS-CP3′) is identical to bCP
[-694]-GUS, except it contains additional CaLCuV DNA A sequence
from the 3′ end of the CP gene to the EcoRI site at nt 1440 in place of
the nos 3′ end.
Cloned DNA containing sequences capable of constitutively ex-
pressing CaLCuV AL2 from the CaMV 35S promoter was generated by
amplifying the AL2 coding region by PCR with primers CLCVAL25′ and
CLCVAL25′ (Table 1) using CaLCuV DNA A as template. The 390 bp
ampliﬁed DNA fragment was restricted with HindIII-BglII and cloned
into similarly cut pMON530 to generate p35S-CaLCuVAL2.Protoplast transfection and analysis
Protoplasts were isolated from an N. benthamiana suspension cell
line and transfected with various DNAs as described (Sunter and
Bisaro, 2003). Promoter deletion constructs were used in transfection
experiments either with pUC118 DNA to measure basal transcription,
or with DNAs containing sequences capable of constitutively expres-
sing TGMV AL2 (pTGA79) or CaLCuV AL2 to measure AL2 activated
expression (Sunter and Bisaro,1991,1992). After incubation in the dark
for 3 days, protoplasts were harvested and ﬂuorometric GUS assays
performed using equivalent amounts of protein as described (Sunter
and Bisaro, 2003).
Generation of transgenic plants
Transgenic plants containing the pTGA55M transgene (CP:GUS/
AL2-) have been described previously (Sunter and Bisaro,1997). Binary
plasmid constructs containing bCP [-694]-GUS, bCP [-323]-GUS, bCP [-
61]-GUS and bCP [-694]-GUS-CP3′were mobilized into Agrobacterium
strain GV3111SE by triparental mating (Rogers et al., 1986) and Agro-
bacterium cultures used to transformN. benthamiana leaf discs (Horsch
and Klee, 1986). Transformants were selected and grown as described
previously (Sunter et al., 2001). From kanamycin-resistant T1 trans-
formants, three to ﬁve plants from each T1 line were selected and
selfed to generate T2 plants. Three to ﬁve individual plants from each
T2 line were chosen for subsequent analysis.
Leaf infusion and agroinoculation
Agrobacterium cultures containing cloned DNA capable of consti-
tutively expressing TGMV AL2 (pTGA89) from the CaMV 35S pro-
moter or empty vector (pMON530) were delivered to N.benthamiana
leaves by leaf infusion as described (Johansen and Carrington, 2001;
Wang et al., 2003). For inoculation of transgenic and non-transgenic
N. benthamiana, 6 to 7 week-old plants were agroinoculated (Grimsley
et al., 1986) with Agrobacterium cultures containing tandemly repea-
ted copies of the TGMV, CaLCuV or BCTV genomes as previously
described (Briddon et al., 1989; Elmer et al., 1988).
Histochemical staining
Systemically infected leaves showing disease symptoms or com-
parable leaves from mock-inoculated plants were histochemically
assayed for GUS activity 10–20 days post-inoculation essentially as
described (Jefferson et al., 1987; Sunter and Bisaro,1997). Tissues were
surface sterilized, inﬁltrated with X-Gluc substrate and incubated at
37°C overnight. The following day stained samples were ﬁxed
as described (Bhattacharyya-Pakrasi et al., 1993) and stored in 100%
ethanol. Tissue samples were photographed using a light microscope
(Axioskop, Carl Zeiss) under a 10× objective.
Chromatin immunoprecipitation
Chromatin immunoprecipitation assays were performed essen-
tially as described by (Gendrel et al., 2002) with some modiﬁcations.
Leaves from transgenic N. benthamiana plants (pTGA55M) infused
with Agrobacterium cultures containing empty vector or pTGA89 were
harvested 24 and 48 h post-infusion. Leaves were sterilized and cross-
linking of chromatin achieved by vacuum inﬁltrating a solution of 4%
paraformaldehyde at room temperature for 20 min. The cross-linking
reaction was stopped by the addition of glycine (2 M) to a ﬁnal con-
centration of 0.1 M and incubating for 10 min. The tissue was
extensively washed with sterile distilled water, ground to a ﬁne
powder in liquid nitrogen and resuspended in lysis buffer (50 mM
HEPES pH7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1%
deoxycholate, 0.1%SDS, 10 mM Na butyrate) containing 1 mM PMSF
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Sonication was performed using a Branson soniﬁer equipped with a
microtip. Samples were sonicated ﬁve times for 20 s each at 40% duty
cycle and 20% power, to achieve an average fragment size of 0.5–1.5 kb.
Soluble chromatin was used for immunoprecipitation using the Seize
Primary Immunoprecipitation Kit (Pierce Biotechnology, Rockford, IL).
Brieﬂy, chicken anti-AL2 antibodies were immobilized on a permanent
afﬁnity support, soluble chromatin added and incubated overnight at
4 °C. Non-bound material was washed several times and immunocom-
plexes eluted twice from the beads using elution buffer (1% SDS, 0.1 M
NaHCO3). Samples were reverse-crosslinked by incubation for 4 to 6 h
at 65 °C in the presence of 5 MNaCl, and then treated with proteinase K
to remove protein. DNA was puriﬁed by phenol-chloroform extraction
and recovered by ethanol precipitation. Precipitated DNA was resus-
pended in 10 mM Tris–HCl, pH 8.0, 1 mM EDTA and used for PCR
analysis. DNA samples were also isolated from soluble chromatin prior
to immunoprecipitation to provide the input chromatin samples.
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